We outline the key questions about comets that must be answered in order to understand cometary formation in the context of the protoplanetary disc and the role of comets in the formation and evolution of the solar system. We then discuss the new understanding of comets from Rosetta and from other recent advances, including work presented by others at the discussion meeting. Finally, we suggest some key directions for future projects to better address the above questions.
Introduction
Proposals to study comets often cite their importance in understanding where we came from, i.e. in learning how the solar system formed, how the planets formed, and how life arose on Earth. In order to address the role of comets in coming to this understanding, it is essential to ask ourselves what it is that we need to know about comets in order to understand the early solar system, i.e. what questions we should be asking about comets. For this paper, we will focus on the the role of comets in learning how the solar system formed and how the planets formed. As it was not a point of the discussion meeting, we will not consider the last part of where we came from, namely the role of comets in delivering water and organics to Earth, although the questions we do address here are clearly relevant to that question. We will also consider what progress has been achieved in recent years, particularly but not exclusively from Rosetta at comet 67P/Churyumov-Gerasimenko (hereafter 67P/C-G), toward answering these key questions about comets. Finally, we will address the question of which future investigations are likely to be the most productive steps forward in improving our answers. It is, of course, impossible to address this topic comprehensively but much of the recent progress is covered by other papers in this issue so we point to those other articles to provide more comprehensive discussions.
Key questions
In order to understand the role of comets in solar system formation and in planetary formation, it is important to sort out which aspects of comets are relevant. Here we present several key questions, starting with the biggest picture questions and then moving down to more specific questions that arise in trying to answer the larger questions. The two big picture questions are: Where did comets form? and How did comets form? Key subsidiary questions are What are comets made of? How are comets put together? and How do comets work? The last question may not obviously relate to the bigger picture, but understanding how they work, i.e. what makes them behave in the ways that we observe, is crucial to separating cometary properties that are primordial from properties that are an artefact either of more recent evolution or of the actual processes occurring today.
(a) Where did comets form?
Comets certainly formed in the protosolar nebula, or more specifically in the protoplanetary disc around the Sun or proto-Sun and they almost certainly formed primarily by accretion of solids rather than gases or liquids. But did they form close to the Sun or far from the Sun? Did they form primarily in the thin mid-plane of the disc or over a range of heights above and below the mid-plane? Did they incorporate pre-solar solids that survived from the interstellar medium? Are there any patterns among the comets that enable us to specify a range of locations or even to specify which comets formed in which part of the range of locations?
Comets have observable lifetimes that are very short compared with the age of the solar system and they appear to have two source reservoirs today-the Oort Cloud extending in a roughly spherical distribution to tens of thousands of astronomical units (AU) from the Sun and the scattered disc, extending from Neptune to thousands of AU from the Sun, where it blends into the inner Oort Cloud. Isolated comets may arrive from other sources, but most comets come from one or the other of these two reservoirs. The comets almost certainly did not originally form in these present reservoirs but rather formed closer to the Sun and were then ejected to these reservoirs, within which they have been preserved with limited subsequent evolution.
It is generally agreed that comets, in order to incorporate the ices needed to produce the observed outgassing, must have formed outside the water-ice line, with some of them having formed as far out as beyond the CO-ice line. However, models of the protoplanetary disc do not agree on precisely where those ice lines occurred, and moreover it is also generally agreed that the ice lines moved over time as the amount of dust in the mid-plane varied during the early years of the planetary system. These questions must be carefully examined.
(b) How did comets form?
Many theories have been put forward to describe the formation of cometary nuclei in the protoplanetary disc. The currently most popular theory is accretion of pebbles triggered by the two-stream instability as recently discussed by Davidsson [1] and references therein, but there are many free parameters in this model so it cannot be considered definitive without further observations of the physical conditions under which comets formed. At two extremes the accretion could proceed hierarchically, accreting successively larger cometesimals as the smaller ones become depleted (by accretion into the larger ones) or it could proceed with a large population of small pebbles throughout the process. Cometary nuclei could also have formed from material all condensed at a narrow range of distances from the Sun or they could have accreted from cometesimals that formed at rather different distances from the Sun and migrated in heliocentric distance until they were accreted. We know from both the existence of crystalline silicates in comets as determined from remote sensing and the values of the isotopic ratios of oxygen in the Stardust samples that at least some small grains condensed very close to the Sun and were subsequently transported to the region where cometary nuclei formed. If the accretion is hierarchical, then radial migration of larger cometesimals should lead to chemical and physical heterogeneity on large scales in cometary nuclei. On the other hand, chemical heterogeneity on larger scales could be due to evolutionary effects if the pole of the nucleus is far from perpendicular to the orbit plane and any such evolutionary effect must be separated out.
(c) What are comets made of?
At the simplest level, a very basic question is whether comets are mostly ice or mostly rock/dirt/refractory material. Whipple's [2] model of the dirty snowball, the first quantitative model, envisioned cometary nuclei as mostly ice, although our understanding has been evolving more toward mostly rock, particularly for 67P/C-G for which refractory/volatile ratios as high as 6 have been cited [3, 4] . Nevertheless, there is still considerable uncertainty about even this basic parameter, not least of which is that most measurements are subject to selection effects in removing refractories from the nucleus to the coma, where they are observed as dust.
With improvements in remote sensing over the last decade and particularly the wealth of measurements from Rosetta, we are making large strides in answering the question of which volatiles (ices) are near the surface of cometary nuclei, and the Deep Impact experiment implies that the near-surface volatiles are representative of the deeper interior [5, 6] . The indications are that there is a large dispersion in relative abundances with only very limited correlations between relative abundances and any other parameters. On the other hand, we know very little about the abundance of the many possible refractory species. As noted above, there were great advances from the Stardust mission, particularly the clear demonstration that cometary silicate grains had been transported from near the Sun to the region of cometary formation, but the selection effects in collecting the returned samples make it almost impossible to say much quantitatively about the bulk abundances of refractories [7] .
(d) How are comets put together?
Understanding the internal structure of the nucleus is crucial in constraining formation scenarios. It has been clear for some time that cometary nuclei are porous but knowing whether the porosity is predominantly at the microsopic level, the macroscopic level at scales small compared with the nucleus itself, or at large scales (a significant fraction of the nuclear radius) is critical for understanding formation scenarios. Does the porosity vary with depth below the surface (or equivalently with distance from the centre)?
Similarly, we have long had clear evidence from various observations that cometary nuclei are weak on large scales. How weak are they (many of the results are only upper limits)? Are there scales at which they are strong? And if so, at what scales? And is there heterogeneity in the strength at a given scale?
(e) How do comets work?
Finally, we need to understand how comets work in order to determine which observational aspects of a comet are primordial and which are due to evolutionary processes. At what depths do ices sublime? What is the fundamental reason that discrete jets are seen in the coma? What selection effects are there in the mass loss from a comet? Are there any features on the surface of a comet that are primordial, and if so which ones? How does the gas interact with the dust in the near-surface region (both above and below the surface)? How does the outflowing gas behave-both kinematically and chemically? 
What have we learned recently?
What we knew prior to Rosetta was described by Meech [8] and we will not rehash that but turn directly to what we have learned. The Rosetta mission as a whole, with an emphasis on the imaging with the OSIRIS cameras, has been summarized by Taylor [9] and we will focus only on key points, both from Rosetta and other recent investigations, relevant to the questions posed above. It is perhaps most useful to address the previous questions in reverse order rather than, for example, to address the individual presentations made during the discussion meeting at the Royal Society or even to address those question in the order presented. This topic is far too broad to cover the material properly in the page limits for this article, so this consists mainly of pointers to other articles in this issue with a few highlights that relate to the origin/formation scenario or some supplementary thoughts similarly relevant to origin or formation.
(a) How do comets work?
We now have evidence from the Philae landing that comets form subsurface, hard, presumably icy layers, possibly similar to those formed in the KOSI (Kometensimulation) experiments [10] [11] [12] [13] . We also have much better evidence that redeposition of material on the surface, as previously suggested in the case of comet 103P/Hartley 2 [14] , is an important cometary process, in this case redepositing material from the southern hemisphere onto the northern hemisphere [15] . Although both concepts had been previously proposed, Rosetta has provided by far the strongest evidence that both processes do occur.
On the other hand, we have known for some time that comets fragment, very occasionally due to new tidal stresses as in the case of D/Shoemaker-Levy 9, but usually without an immediate, extrinsic cause. The details of fragmentation vary widely [16] but it is likely related most commonly to thermal stresses because it is most commonly seen in the case of Sun-grazing and Sun-skirting comets [17] . The Sun-grazing and Sun-skirting comets do not break up at or necessarily even near perihelion, but the ultimate source of the breakup is plausibly due ultimately to the heating at perihelion, which takes time to propagate inward. In other cases, such as comet LINEAR (C/1999 S4), which totally disrupted, it might plausibly be due to heating as it approached perihelion but it might also be due to rotational spin-up, given the absence of rapidly rotating nuclei [18] . However attractive these mechanisms are, we must remember that none of them is proven. Nevertheless, the existence of frequent splitting highlights the fact that cometary nuclei are very weak on scales large compared with a KOSI-layer.
Icy patches have been observed previously on the surface of comets Tempel 1 and Hartley 2 [19, 20] , although understanding the details, beyond grain size and amount of ice, was mostly speculative, with both bulk ice and frosts from the previous night being proposed. Rosetta has shown for the first time that at least some of these icy patches are frost, condensing during local night, from either vapour transported from below the surface or residual cooling gas above the surface, and disappearing very soon after sunrise [21, 22] . Rosetta has also shown longer lasting deposits on and at the bases of cliffs [23] , and, by inference from colours, at many locations and having limited lifetimes [22] . It is still debatable whether this implies that ice in the nucleus is patchy rather than in large blocks.
We have also observed changes in the surface as they are happening [24] . The surface changes on comet Tempel 1 between the Deep Impact and Stardust NExT encounters were speculated to be rapid [25] , but we now know that depressions form and expand radially over a time scale of months, short compared with an orbital period but still longer than some of us had thought. Colours indicate that there is ice at the base of the radially expanding wall but the details of the process are not yet clear.
We have now observed very many outbursts by 67P/C-G, which are observed with various morphologies and varying durations, but typically disappearing within an hour [26] . Surprisingly, very few of those outbursts, seen easily in the reflected light from solid grains, can be associated with a simultaneous gaseous outburst. One of the best documented outbursts occurred on 19 February 2016, when Rosetta was in the ejecta cone of the outburst [27] . Although there was considerable detail on the dust grains that allowed determination of relative velocities, the only correlation with gas discerned thus far is a large (greater than twofold), sudden increase in the rotational temperature of water as observed with MIRO, the microwave radiometer, coupled with a sixfold increase in the total gas density as measured by the COPS (Cometary Pressure Sensor) section of ROSINA, the mass spectrometer. Thus, the driving force for the outbursts is still unclear. On the other hand, we have also observed numerous sudden increases in the gaseous emission that are not associated with an outburst of grains, a case that we discuss below.
(
ii) Coma
In most past experience, there has been relatively little connection between the plasma results at comets and most other aspects of cometary science. New plasma phenomena have been discovered at Churyumov-Gerasimenko associated with the relatively low outgassing when they were observed [28] , but perhaps the most interesting result from Rosetta is the close interaction between plasma phenomena and the gaseous emission features observed with ALICE and OSIRIS [29] [30] [31] . Ratios of individual spectral features show clearly that the important processes include electron impact dissociation of H 2 O and CO 2 , and even O 2 [30] . Based on limited observations when the spacecraft was very close to the nucleus, it was possible to show a close temporal connection (minutes) of an increase in electron density and electron energy with the increase in the brightness of Ly-β. This strongly suggests that the outburst represented not additional gas but rather much more rapid dissociation of parent molecules into observed fragments resulting in prompt emission, increased abundance of fragments relative to parents, and different ground-state populations of the fragments. This introduces major complications to the interpretation of cometary emission features, at least for emission features produced by fragment species if not for parent species. It is not yet clear to what extent these new insights will matter for remote sensing observations of comets [32] . Certainly prompt emission has been observed for decades in the [O I] red and green lines at large distances from the nucleus by numerous investigators up to the present [33] and prompt emission in OH has similarly been observed, albeit much less extensively, up to 1000 km from the nucleus both in the near IR [34, 35] and in the near UV [36, 37] . It is therefore clear that the broader issues raised by the inner-coma observations from Rosetta need to be explored for their implications for remote sensing because 1000 km resolution is common in spectroscopy of comets.
We now have considerable detail on the motion of grains in the coma. The outburst on 19 February 2016 discussed above [27] allowed a direct determination of the speed of grains, which varied with the size of the grains consistent with an inverse square root of the grain radius. Estimates of the total mass of gas and dust in that outburst suggested a very low ratio of dust to gas, inconsistent by an order of magnitude with most estimates for the ambient outgassing. Because both estimates are model dependent with high sensitivity to assumed parameters, there are large uncertainties in the ratio. There are also plasma changes observed coincident with the outburst, although the tentative conclusion is that this may be a result of the outburst altering the penetration of the solar wind rather than a cause of the type described in the previous paragraph. Thus, it is still unclear what the driving mechanism was for the outburst. structures in the two lobes of 67P/C-G, discussion at the meeting emphasized that the planar structures are not aligned between the two lobes and therefore that the two lobes formed independently, as pointed out by Lowry at the discussion meeting, a conclusion also advocated in recent papers [1, 38] . There is some uncertainty about this conclusion because the planar features are in many cases also roughly perpendicular to local gravity, suggesting that evolutionary effects may have played a role. It was also pointed out by Lowry at the discussion meeting that the majority of the cometary nuclei studied to date are bilobate and might once have been contact binaries (certainly 8P/Tuttle, 67P/C-G and 103P/Hartley 2, with 19P/Borrelly probably and 1P/Halley at least likely, leaving only 9P/Tempel 1 and 81P/Wild 2). Further discussion indicated that even 9P/Tempel 1, which shows no signs of having been a contact binary, but which is bilobate in the sense of having two distinctly different sides, is suggestive of two cometesimals having combined, perhaps at higher velocity than in the more obviously bilobate cases. If a significant fraction of cometary nuclei had a late stage accretion of two very large cometesimals, this sets constraints on the accretion process. The bilobate nature also suggests immediately the importance of measurements to search for compositional differences between the two lobes, a phenomenon that has been reported for Hartley 2 [14, 39] . An attempt to carry out this measurement with ROSINA when Rosetta was very close to the nucleus, thus minimizing uncertainty about the nuclear source of gas arriving at the spacecraft, was aborted by problems with the Star Trackers, but presumably this will be attempted again. There are also some indications that the two lobes of 67P/C-G may have somewhat different densities [40] , but this conclusion is also not yet unambiguous.
An important result from Rosetta is the direct measurement of the bulk density at 0.53 g cm −3 [40, 41] . This result is not surprising or new, in as much as many previous studies have found bulk densities of order 0.5 g cm −3 [18] , but this is by far the most direct determination of the bulk density based on a detailed shape model for the volume and direct gravitational effects on the Rosetta orbiter for the mass. It has been argued that there might be density differences on a large scale from the slight offset between the centre of figure and the centre of mass [40] but it has also been argued that the nucleus is homogeneous based on comparison of the higher order gravitational moments with those expected from a detailed shape model [41] . More detailed work using final shape models and the full tracking dataset for gravity should improve the precision of the final density and either confirm slight variations in density or set tighter limits on such variations. Meanwhile, the bulk density can surely now be used for other purposes, including studies of splitting discussed below as well as in relating various compositional mixes to estimates of porosity as in the following paragraph.
At smaller scales, the results from CONSERT showed that the smaller lobe (the head), at least on radio-wave paths from the orbiter to the lander, was relatively homogeneous on a scale of tens of metres, i.e. that there were no large (more than 10 m) voids and no obvious changes in porosity in the bulk of the head. The results also showed that it was extremely porous (75-85%), although the outermost layer (approx. 5-10 m, the resolution limit of CONSERT with a 3 m wavelength) was likely somewhat denser, i.e. lower in porosity than the bulk, and that the dust/ice ratio was 0.4 to 2.6 by volume [42, 43] . The combination of CONSERT data with data from SESAME on Philae confirms that the outermost metre is less porous than the bulk of the head [44] . The range of dust/ice ratios by volume might be barely consistent with the ratio of refractories to volatiles cited above (6, by mass) if the density of the dusty particles is sufficiently high, but this does highlight the large uncertainties in this most basic of parameters. There was also evidence that the permittivity decreased with depth below the surface, which could be accounted for by an inward increase either in porosity or in ice/dust ratio [43] , i.e. a density that decreases inward. The fact that there are no large voids is not obviously consistent with hierarchical accretion with late stages involving primarily accretion primarily of large cometesimals, but this needs further investigation. An increase in porosity with depth is counterintuitive but not impossible, while an increase in ice/dust ratio with depth is certainly plausible and if true would suggest selection effects in using measurements of the coma to infer gas/dust ratios. 
(c) What are comets made of?
There has been a tremendous increase in our knowledge of what comets are made of, particularly in the volatiles that are observed as gases in the coma but even in the composition of refractories that were analysed in situ by COSIMA [45] . The atomic composition of the grains is closer to that deduced previously in situ at Halley than it is to that deduced from the samples returned by Stardust. The Stardust samples are increasingly more depleted, relative to both 1P/Halley and 67P/C-G, with increasing volatility of the relevant component minerals, highlighting likely selection effects in the Stardust samples. Most of the particles are agglomerates, with strengths of order 1 kPa and the individual particles are heterogeneous in their composition. One grain studied with COSIMA might plausibly be a calcium-aluminium inclusion, one of the earliest condensates in the protoplanetary disc.
The relationship of the composition of the cometary grains to grains elsewhere, both in the solar system and the galaxy, was discussed both by Mann [46] and by Wooden [47] . The mineralogy appears to require multiple stages of condensation, presumably in the protoplanetary disc but many details of the picture are not clear and there remain many questions. Ultimately, the far more detailed understanding of cometary grains should lead to constraints on the interpretation of the more limited data on grains in protoplanetary discs generally.
The gas in the coma is often, but not always, easier to analyse than are the refractories and we have learned many more details about the gas than about the dust. The evolution of our knowledge about gaseous composition has been separately described from remote sensing [48] and from the Rosetta orbiter [49] . The data from Philae are still being analysed because of the difficulties of interpreting fractionation patterns with the instruments operating in unanticipated conditions (as mentioned by Wright at the discussion meeting). An entire zoo of new molecules has been identified, some of them expected but others not. One of the more surprising ones is O 2 , a long-sought but not expected species [50] . In many observations, it is well correlated with water and its spatial distribution implies that it comes from the nucleus. The correlation with water, while N 2 is not correlated with water, suggests that the O 2 is formed on icy grain surfaces in the protoplanetary disc, while N 2 is formed in the gaseous phase and not trapped well by the icy grains. Grain-surface reactions have been invoked previously, both for the interstellar medium and for comets, as the explanation for other molecules, including both H 2 (in the interstellar medium) and CO 2 (in both the interstellar medium and comets).
Another dramatic result was that HDO/H 2 O is larger than in any comet previously measured [51] . As the very few previous observations of this ratio in short period comets were both lower than in any Oort Cloud comet, this entirely changes our picture of how this constrains formation scenarios, a subject that is addressed below. The noble gases detected with ROSINA are only partially analysed at this time but they will also place important constraints on cometary formation and on the evolution of the protosolar disc.
(d) How and where did comets form?
The details of how comets formed still need to be worked out by the modellers. We have highlighted new constraints from recent observations, but as with most interpretational work, there is still much to be done to show whether pebble accretion and/or the two-stream instability is a solid conclusion. On the other hand, we have had a dramatic shift in our understanding of where comets formed. Heretofore, it was generally accepted that the Oort Cloud comets formed in the region of the giant planets, while the Jupiter-family comets formed in the trans-Neptunian region. It is now clear that both Jupiter-family comets and Oort Cloud comets formed in a mostly overlapping region beyond proto-Neptune (as mentioned by Morbidelli at the discussion meeting) and were scattered by giant planet migration to their present reservoirs, the Oort Cloud and the scattered disc, which merge with each other at thousands to tens of thousands of AU. Although the new paradigm was discussed previously in terms of the composition of comets [52] and implicit in the latest versions of the 'Nice' model [53] , it was the ROSINA measurement of HDO/H 2 O that made it a convincing paradigm shift. Both the D/H ratios of comets and the abundances of volatile ices in comets imply that the formation regions do not totally overlap but that they largely do. There is, of course, likely to be scattering of cometary nuclei prior to the 'standard' Nice model, such as during the initial formation of the giant planets and during the Grand Tack, and this may contribute to differences in the composition between Oort Cloud comets and nearly ecliptic comets. This paradigm change has many ramifications, including the source of cometary activity among other populations such as main-belt comets, the interchange between the cometary and asteroidal dynamical populations, and the relationship of comets to outer main-belt asteroids and to satellites of the giant planets [54] .
Where does the future lie for cometary studies?
We now ask which directions in cometary studies are likely to be most productive in understanding comets and their role in the formation of the solar system. I emphasize the big projects because the small projects must be spread across a wide variety of activities covering the breadth of cometary science. However, there are several larger projects that could make a huge difference in some key areas-(a) the diversity among and within comets, (b) the surface processes on comets, and (c) the internal structure of comets.
(a) Composition and diversity
Major advances in understanding cometary composition will come on the one hand from new technology, particularly for observations at radio wavelengths with ALMA, and on the other hand from better synoptic coverage. ALMA is of course already operational and enough observations of comets have been made to show that it will be a great tool for understanding the spatial distribution of molecules in cometary comae [55] and thus a great tool for exploring the heterogeneity of composition within individual nuclei. However, ALMA is probably not the right tool for studying many comets, for which both synoptic coverage and sufficient sensitivity to fainter comets are crucial.
It is clear that there is a wide diversity in the behaviour of any individual comet as it completes its orbit around the Sun. Most obviously, the activity increases as the comet approaches the Sun and decreases as it recedes. However, the relative abundances of various volatiles clearly change around the orbit and, in some cases, change with the diurnal rotation of the nucleus. Astronomers who study the ensemble of comets usually aim to determine relative abundances of gases, and gas-to-dust ratios, when comets are no farther than 2.5 to 3 AU from the Sun, i.e. close enough to the Sun that water ice should rapidly sublimate. However, even within this limited range of heliocentric distance there are often large variations. This is particularly important because one of the key goals in understanding cometary composition is to understand how variations in composition from comet to comet are related to formation and this is typically done by looking at correlations, using data for very many comets, between relative abundances and dynamical parameters that provide very different constraints on formation. As we get more data on cometary nuclei, we will also be able to consider correlations with nuclear size or even nuclear shapes. Similarly, one can look for correlations between the volatiles and the refractories. The classic study of comet Hale-Bopp (C/1995 B2) by Biver et al. [56] showed the release of all volatile species peaking near perihelion but with different slopes for different species and some differences in slope before versus after perihelion. Furthermore, there were distinct kinks in the curves for some species, notably CO. On the other hand, a much more recent study of comet Garradd (C/2009 P1) by Feaga et al. [57] showed the release of water peaking at r = 1.70 AU, about 50 days before perihelion (r = 1.55 AU), while the release of CO increased monotonically until the end of observations when the comet was at 2 AU post-perihelion. A single sample of the relative abundance of CO relative to H 2 O in Garradd could be anywhere in a range well over an order of magnitude. Furthermore, some short-period comets are known to vary significantly from one apparition to the next, either in absolute production rates, e.g. 9P/Tempel 1, or in relative production rates of different species, e.g. 103P/Hartley 2, whereas others remain constant over successive apparitions.
The next big step, therefore, is to ensure that each comet is observed over as wide a range of orbital positions as possible and with enough temporal resolution to study diurnal variations. One such major effort, albeit with relatively small telescopes and only in the visible, is the pair of TRAPPIST telescopes [58, 59] . Analogous synoptic facilities are also needed based on larger telescopes and spectroscopic capabilities but more particularly they are needed at other wavelengths, including particularly the ultraviolet and the near infrared. There have been highresolution near-infrared ground-based surveys [60, 61] , but these have generally been limited to relatively bright comets and do not have systematic coverage around the orbits of the comets. One major limitation of ground-based surveys is the inability to observe CO 2 because Earth's atmosphere is opaque to the primary emission band in the near infrared, even at the altitudes of airborne telescopes such as SOFIA. Thus both UV and near-IR require space-based assets. Satellites to monitor comets (and other solar system bodies) have been proposed in the past but those proposals have proven unsuccessful. Thus most work to date has relied on getting observing time on general astronomical facilities, such as IUE and HST in the ultraviolet, AKARI and Spitzer in the infrared, and ODIN at millimetre wavelengths. These instruments tend to allow observations of a reasonably large number of comets, but there is not generally sufficient observing time available for synoptic studies of diurnal or seasonal variations. Suitable facilities should be cheaper than a typical mission in NASA's Discovery programme or ESA's M-class missions.
(b) Near-term space missions
The current round of NASA's Discovery programme has five missions in Phase A studies, from which we anticipate a down-selection, probably near the start of CY2017, to fly one or two of them. Unlike the previous round of Discovery, none of the concepts in this round is explicitly a cometary mission, although one proposes to provide survey data on comets (but is aimed primarily at asteroids) and another proposes to pass several asteroids, primarily among the Jovian Trojans, bodies that might well be cometary in nature but not close enough to the Sun to show activity.
There is a reasonable chance that within the next year or two we will have a mission in development to return a sample from the surface of a comet. NASA has recently released a draft Announcement of Opportunity (AO) for the New Frontiers programme, NNH16ZDA008J also known as 'New Frontiers 4', with the final AO to be released in January 2017. This will solicit proposals for missions that will have a cost-cap of $850 million, not including launch costs or postlaunch costs (phase E). There will be five types of missions sought, one of which will be Comet Surface Sample Return (CSSR). Proposing principal investigators have considerable freedom in deciding how to address the goals of CSSR and there are already three different teams working to prepare proposals for CSSR, as well as at least one or more teams working to prepare proposals for each of the four other classes of mission. In late 2017, a small number of those proposals, perhaps two or three out of the dozen or so that are likely to be submitted, will be selected to carry out detailed Phase A engineering studies. At the completion of Phase A, one of these finalists will be selected to continue to Phase B and, barring major problems, continue to flight. Launch will likely be targeted for the first half of the next decade.
Because the CSSR teams are in direct competition, none of them is willing to say very much about their respective proposals (this author is on one of the teams). Nevertheless, one might assume that the sample will be only refractories rather than ices because of the difficulty of returning an icy sample that is not altered during return to Earth and the draft of the AO does not require return of ices for this reason. Similarly, the draft version of the AO does not require samples from more than one site, but the individual proposing teams might or might not propose samples from multiple sites. The extent to which instruments, beyond those needed to ensure sample collection, are carried, whether for remote sensing or for surface sensing, will depend almost entirely on the choices made by the individual proposing teams. Given the cost caps on the missions, the three teams will likely go in different directions beyond the minimum because the cost cap will not allow everything that one would like.
This author has less insight into the expected ESA call for M5 missions, but certainly a variety of missions related to comets has been discussed for proposals to this call, including missions to study main-belt comets and at least one other mission discussed in the next section.
(c) Beyond current planning
In the past several years, considerable discussion in the USA has emphasized that the next logical step for a cometary mission after CSSR should be a deep-sub-surface, cold sample return. The goal would be to return the ices from below the surface. This is far more challenging than the surface sample return, both in acquiring the sample and in preserving it without alteration, whether structurally or chemically, during the long return to Earth, through Earth's atmosphere, and during retrieval and delivery to some not-yet-built cold-storage facility for analysis. There are issues of preserving the structure during the large-g decelerations of reentry as well as issues of maintaining the sample cold enough to avoid loss of the most volatile ices and to avoid aqueous alteration in the vapour phase both over the typically years-long return durations and after landing on Earth but before delivery to the cold analysis facility. Furthermore, there has not yet been a proper study of what would be learned from a cold sample under various plausible return scenarios, nor have the laboratory techniques been developed for handling the samples, which would need to be kept much colder than the terrestrial ice cores that have proven extremely valuable to our understanding of Earth's evolution.
Given the extensive insight from the Rosetta orbiter, the extreme diversity across individual nuclei, the extreme diversity from one comet to another, and the limited but tantalizing results from Philae, it seems clear to this author that a much more valuable next step, which might start in parallel with CSSR, or even before it if CSSR is not selected in the current round, is a 'landed mission'. Key goals should include at least some of the following.
Interior. The ability to probe the deep interior of the nucleus to ascertain, for example, the scale of porosity and differences between large-scale topographically distinct portions of the nucleus such as between two lobes. This could be done in various ways, including combining an orbiter and a lander with radio communication as did CONSERT on Rosetta, or with detailed measurements of the gravity from orbit around the comet, or totally with landers. Mobility. The ability to study a variety of locations on the surface, an ability that has proven invaluable for the Mars Rovers. On a comet with negligible gravity, crawling on the surface is likely to be much less effective than some form of hopping, as was proposed in a previous round of NASA's Discovery programme (the Comet Hopper proposal, which made it to Phase A, but then was not selected at least in part, if not primarily, because it relied on advanced Sterling radioisotope generators that would not be available in time for flight). The mode of moving is not important for the science but the ability to measure in several different terrains and over large spatial scale is crucial, as is the ability to measure the subsurface, preferably to depths of a metre or more to match the annual thermal skin depth for a short-period comet. Temporal variability. The ability to measure properties from each location over multiple time scales. One could probe the subsurface continuously over one or more diurnal cycles. One could probe the subsurface at each location at both large and small heliocentric distances. One would also probe the subsurface at each location before and after a perihelion passage to understand the secular changes, presumably before and after the bulk of the outgassing by the nucleus during that perihelion passage. Cometary diversity. The ability to perform measurements of a small sample of cometsmore than one to represent comets known from remote sensing to have significant differences but, for reasons of cost, not as many as one would consider a statistically significant sample for remote sensing. In other words, one needs to be able to make a preliminary assessment of whether measured properties are likely to be universal or not. This goal would most easily be addressed by a coordinated series of missions rather than a single mission, although it is possible that a realistic single mission could be designed to deal with several targets, as has been done with the Dawn mission to Vesta and Ceres and as was intended for the CONTOUR mission to flyby several comets. Diverse properties. The choice of what to measure among many physical properties and chemical properties as well as how deep below the surface to measure. The results from Philae can provide some guidance on what properties should be measured, but a key question to be kept in mind is how the measured properties relate to understanding the formation and evolution of cometary nuclei. Thus, the questions posed earlier in this article should guide the selection of instruments and experiments for such a mission.
We note that discussion during the meeting included mention by S. Hviid of a possible proposal to ESA's M5 call that would specifically address several but presumably not all of the goals spelled out here (it almost certainly would target only a single comet). If that proposal is successful it could provide a useful prototype for a small series of missions to diverse comets or for a subsequent larger mission that would address more goals for a single comet.
Another suggestion at the meeting, by J. Kissel, was for probing the diversity of comets with a very near-Sun observatory, which would need to withstand very high temperatures (comparable to those of solar probe missions) but which would be able to observe most comets very near perihelion, when they are often not observable from Earth or from Earth orbit. In particular, it could allow routine observations of Sun-grazing and Sun-skirting comets as described by Battams & Knight [17] . This possibility was not explored at the same level as the landed mission and deeper investigation is needed to determine whether a realistic mission would be able to usefully observe comets with perihelia much larger than those of typical SOHO and STEREO comets.
Conclusion
This is an exciting time for cometary scientists. To have lived through all the missions to comets and recognize the great advances we have made is tremendously satisfying scientifically. As we have dramatically increased our knowledge, we have also opened up many new questions. It is important that agencies focus their spending on projects that are likely to lead to a better understanding of the important questions that drive cometary science.
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